There has been considerable interest in the fate of aromatic hydrocarbons in the environment, since many of these compounds and their derivatives are cytotoxic, carcinogenic, and mutagenic in laboratory animals (7). The fungal metabolism of aromatic hydrocarbons has been studied extensively in both whole-cell and cellfree preparations. Fungi metabolize aromatic hydrocarbons by cytochrome P-450 monooxygenase and epoxide hydrolase enzyme systems through a sequence of reactions similar to those reported for the mammalian metabolism of these hydrocarbons (1). Previous studies on the fungal metabolism of naphthalene have indicated that fungi oxidize naphthalene to form trans-1,2-dihydroxy-1,2-dihydronaphthalene (2-4, 6). Experiments with 1802 showed that only one atom of molecular oxygen was incorporated into the aromatic nucleus (6). These results indicated that a wide variety of fungi oxidize naphthalene in a manner similar to that observed in mammals.
There has been considerable interest in the fate of aromatic hydrocarbons in the environment, since many of these compounds and their derivatives are cytotoxic, carcinogenic, and mutagenic in laboratory animals (7) . The fungal metabolism of aromatic hydrocarbons has been studied extensively in both whole-cell and cellfree preparations. Fungi metabolize aromatic hydrocarbons by cytochrome P-450 monooxygenase and epoxide hydrolase enzyme systems through a sequence of reactions similar to those reported for the mammalian metabolism of these hydrocarbons (1) . Previous studies on the fungal metabolism of naphthalene have indicated that fungi oxidize naphthalene to form trans-1,2-dihydroxy-1,2-dihydronaphthalene (2) (3) (4) 6) . Experiments with 1802 showed that only one atom of molecular oxygen was incorporated into the aromatic nucleus (6) . These results indicated that a wide variety of fungi oxidize naphthalene in a manner similar to that observed in mammals.
Smith and Rosazza (11) first reported that fungi have the ability to oxidize biphenyl. They found that five species of fungi oxidize biphenyl to 4-hydroxy-, 2-hydroxy-, and 4,4'-dihydroxybiphenyl. Since this early study, there have been several reports on the fungal metabolism of biphenyl indicating that the major site of hydroxylation is at the 4-position to form 4-hydroxybiphenyl (5, 10, 12) .
Although several laboratories have investigated the fungal metabolism of aromatic hydrocarbons, little is known about the ability of fungi to form sulfate and glucuronide conjugates of aromatic hydrocarbons. Conjugation reactions in mammals are important as a detoxification pathway in the removal of toxic compounds and in the activation of N-hydroxylated arylamines to highly reactive compounds which bind to critical cellular macromolecules, leading to the induction of biological effects (7) . This paper describes the isolation and identification of glucuronide and sulfate conjugates formed from the metabolism of naphthalene and biphenyl by the filamentous fungus Cunninghamella elegans. The results presented indicate that sulfate and glucuronide conjugation are major pathways in the metabolism of aromatic hydrocarbons by fungi.
MATERIALS AND METHODS
Organism and growth conditions. Stock cultures of C. elegans ATCC 36112 were maintained on Sabouraud dextrose agar medium and stored at 4°C. C. elegans was grown in 125-ml Erlenmeyer flasks which contained 30 ml of Sabouraud dextrose broth. The flasks were incubated at 30°C for 48 h on a rotary shaker operating at 175 rpm. After 48 h, cells (0.1 mg/ ml, dry weight) were collected by filtration and transferred to 30 ml of fresh medium, and either naphthalene or biphenyl was added at 0.2 mg/ml to each flask. Cultures were incubated as described above for 24 h. Control experiments were prepared by sterilization of inoculated flasks at 121°C for 40 min before addition of either substrate. At with a nominal resolution of 4,000. The data system was an Incos (Finnigan Corp., Sunnyvale, Calif.) which scanned the magnetic sector from 50 to 650 atomic mass units in 5 s. The emitter preparation consisted of the high-temperature activation of 10 ,um of tungsten wire. The sample was loaded onto the emitter via electrospraying a methanolic solution of the substrate. The 70-eV electron impact spectrum of 1-naphthyl glucuronide was obtained by using the Kratos-MS-50.
Deconjugation experiments. After 24 h, cells were filtered, and the culture filtrates from naphthalene-and biphenyl-incubated media were extracted with 6 equal volumes of ethyl acetate. The aqueous layer was divided into three 10-ml portions and diluted 1:1 with 0.2 M sodium acetate buffer (pH 4.5) and incubated with 3 x 103 Fishman units of ,3-glucuronidase (type H-1; Sigma Chemical Co., St. Louis, Mo.). The second sample was incubated with 15 U of arylsulfatase (type V; Sigma) and 12.5 ,umol of D-saccharic acid 1,4-lactone. The third sample was incubated without enzyme and served as a control. Each reaction mixture was incubated for 24 h at 37°C on a rotary shaker operating at 150 rpm. Samples were then extracted with 3 equal volumes of ethyl acetate, dried in vacuo at 30°C, and analyzed by HPLC as described above for the separation of naphthalene and biphenyl metabolites.
Isolation and detection of water-soluble conjugated metabolites. After 24 h, cells that were incubated in the presence of naphthalene were filtered, and the culture filtrate was extracted with 6 equal volumes of ethyl acetate. To the aqueous phase, 3 volumes of methanolethanol (1:1) was added and centrifuged at 10,000 x g for 15 min. The supernatant was decanted and evaporated to dryness under a stream of nitrogen at 37°C. The residue was dissolved in 0.5 ml of methanol-water (1:1), and a 50-,ul sample was analyzed by TLC and HPLC as described above for the separation of 1-naphthyl sulfate and 1-naphthyl glucuronide. Mass spectra of the sulfate and glucuronide conjugates formed by C. elegans were determined and compared with authentic samples.
Chemicals. Naphthalene (99.9%) was obtained from Aldrich Chemical Co., Milwaukee, Wis. [1- "C]naphthalene (5.0 mCi/mmol) was purchased from Amersham/Searle, Arlington Heights, Ill. 1-Naphthyl sulfate and 1-naphthyl glucuronide was purchased from Sigma. Other naphthalene derivatives were purchased as described previously (2 Figure 1A shows the HPLC elu- similar to those of authentic 2-naphthol and 1-naphthol, respectively (Fig. 1B) . The major hydrolysis product was 1-naphthol. Incubation of the aqueous phase with ,-glucuronidase released 19.6% of the radioactivity as an ethyl acetate-soluble product which cochromatographed with and had spectroscopic properties similar to those of 1-naphthol (Fig. 1C) . The unhydrolyzed control sample showed no release of ethyl acetate-soluble radioactive products. The results obtained indicated that approximately 40% of the water-soluble naphthalene metabolites were either sulfate or glucuronide conjugates. Their ratio was approximately 1:1. The remaining 60% of the water-soluble naphthalene metabolites may have been polyhydroxylated derivatives, glutathione or glucoside conjugates (or both), and ring fission products. The isolation and identification of these polar naphthalene metabolites will be the subject of another study. The mass spectrum of the trimethylsilyl derivative of compound I (Fig. 3A) did not produce a molecular ion, mle 608, but did have an M+-15 ion (mle 593), which indicates loss of a methyl group and is characteristic for pertrimethylsilylated derivatives of glucuronides (9) . The mass spectral fragmentation pattern was identical to the mass spectrum of authentic 1-naphthyl glucuronide and to that reported by Pekas (8) . The field desorption mass spectrum of compound II (Fig. 3B) was identical to the mass spectrum of synthetic 1-naphthyl sulfate. The mass spectrum of compound II (Fig. 3B) consisted of cationization of the neutral molecule yielding an (M-2K)+ diagnostic cation (mle 301). The abundance of the isotopic peak at mle 303 corresponded to the expected abundance for the (M-2K)+2 ion which resulted from the isotopic contribution of 180, 34S, and 41K.
Biphenyl metabolism. C. elegans was incubated in the presence of biphenyl for 24 h. The medium was extracted with ethyl acetate, and the biphenyl metabolites in the organic phase were separated by HPLC (Fig. 4B) (Fig. 4A) . The major ethyl acetate-soluble metabolite (Fig. 4B ) cochromatographed with and had UV and mass spectral properties similar to those of 4-hydroxybiphenyl. These results are similar to previous reports which indicated that many different genera of fungi oxidize biphenyl primarily in the para position to form 4-hydroxylated derivatives of biphenyl (5, 10, 12) . However, relatively little is known about the ability of fungi to form sulfate and glucuronide conjugates of biphenyl metabolites. Dodge et al. (5) reported that 44% of the biphenyl metabolites in the culture filtrate of C. elegans were in the form of conjugates; however, little information was provided on the identification of these conjugates. In this study, the water-soluble biphenyl metabolites were analyzed by treating the aqueous phase with either 3-glucuronidase or arylsulfatase, the hydrolysis products were extracted with ethyl acetate, and the extracts were analyzed by HPLC. Hydrolysis of the biphenyl metabolites with either Iglucuronidase or arylsulfatase gave similar results (Fig. 4C, D) . Two major metabolites were detected which cochromatographed with and had UV and mass spectral properties similar to those of authentic 4,4'-dihydroxybiphenyl and 4- hydroxybiphenyl, respectively.
A considerable amount of attention has been focused on glucuronide and sulfate conjugation in mammals, since these reactions are important in facilitating detoxification and excretion of xenobiotic compounds, as well as in activation pathways (7) . As shown in the present study, the filamentous fungus C. elegans has the ability to form glucuronide and sulfate conjugates of phenolic aromatic hydrocarbons. Since both 1-naphthol and 4-hydroxylated derivatives of biphenyl have been shown to have toxic properties, the conjugation of these compounds with sulfate and glucuronic acid suggests that these reactions are important in the detoxification and elimination of xenobiotics in fungi. The enzymatic mechanism by which fungi form glucuronic acid and sulfate conjugates of aromatic phenols was not determined in this study. However, L. P. Wackett and D. T. Gibson (Abstr. Annu. Meet. Am. Soc. Microbiol. 1981, K155, p. 163) have recently shown that C. elegans has UDP-glucuronyltransferase activity. Interestingly, they found that this activity was located in the high-speed supernatant fraction (100,000 x g) of the cell. The results are in contrast to the mammalian enzyme which is located in the microsomal fraction of the cell and suggest differences between the fungal and mammalian conjugating enzymes.
These results extend earlier studies on the fungal metabolism of aromatic hydrocarbons and provide the first detailed evidence of the ability of fungi to conjugate metabolites of aromatic hydrocarbons. Clearly, further studies are required to elucidate the relationship between the fungal cytochrome P-450 monooxygenase and UDP-glucuronyltransferase and arylsulfotransferase reactions.
